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(57) Abstract 

A method is provided for forming an optical waveguide structure (10) upon a substrate (12) in accordance with the steps 
of: (a) forming a layer of base coat material upon the substrate (12), (b) forming a layer of cladding material (20) having a prede- 
termined refractive index upon the base coat layer, (c) applying a channel waveguide pailcm defining structure (10) to the layer of 
cladding material (20), (d) applying a patterning agent to transfer the pattern of the channel waveguide pattern defining structure 
(10) to a predetermined depth or depths into the cladding material layer (20) to defme a waveguide trench pattern, (e) removing 
anv remaining residue of channel waveguide pattern defining structurc(lO). (0 forming a thick coat layer (16) of waveguide mate- 
rial having a higher refractive index than the cladding material (20) onto the cladding material (20) and into the waveguide trench 
pattern, (g) planarizing the waveguide material (20) substantially to the plane of a topmost surface of the cladding material (20) in 
order to reduce the thickness of the thick coat layer (16), and (h) forming a layer of additional cladding material (26) to encapsu- 
late the waveguide material in the waveguide trench pattern. An out-of-plane mirror (28) can be used to couple two different lay- 
ers together optically. A lens element can be used for collimating light refiected by the out-of-plane mirror (28). 
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OPTICAL WAVEGUIDE STRUCTURES AND FORMAT ION METHODS 

Field of the Invenrion 

5 The present invention relates to optical waveguide structures and methods for 

making the same. 

Background of the Invention 

1 0 The fabrication of waveguide structures for guiding electromagnetic energy, pani- 

cularly in optoelectronic type devices, is of considerable interest. Optical interconnections 

UliCi UUVUilld^C^d SjySiL lllUAi. wwu«4i.wA^u^ t.^, ^vw.. — w 

reduced propagation delay. When circuit arrays are formed at the wafer scale level of 
integration, the advantages of optical interconnections become even more pronounced. 

1 5 Although silica has been the more common guiding medium, polymeric waveguide 

systems have also been studied. Those studies have included consideration of low loss 
multilayer integrated optical waveguides using optically transparent polyimide as an embed- 
ding material and as a waveguide dielectric. Polymer-based strucmres also lend themselves 
well to many integrated circuit fabrication techniques such as: metal deposition upon 

20 substrates and wafers, wet etch of sputtered metals, thick- and thin-coated photolitho- 
graphic patterning, spin coating and ultraviolet light ("UV") cure of acrylic materials, and 
dry etch of acrylic materials using a reactive ion etch ("RIB") plasma. 

An of interest in tiie preparation of optical waveguide strucmres includes Selvaraj et 
al., in, "Integrated Optical Waveguides in Polyimide for Wafer Scale Integration", IEEE 

25 Journal of Lightwave Technology . Vol. 6, No. 6, June 1988, pp. 1034-1044: Kokubun et 
al., in "Silicon Optical Printed Circuit Board for Three Dimensional Integrated Optics" in 
Electronics Letters . Vol.21, No. 11, (1985), pp. 508-9; Hanman et al.. in "Radiant Cured 
Polymer Optical Waveguides On Printed Circuit Boards for Photonic Interconnection Use, 
Applied Optics . Vol. 28, No. 1, January, 1989, pp. 40-47; Sullivan et al., in "Guided- 

30 wave Optical Interconnects for VLSI Systems SPIE Vol 88i Optical Computing and 
Nonlinear Materials . 1988. pp. 172-176; Sullivan, in "Optical Waveguide Circuits for 
Printed Wire-Board Interconnections", SPIE V^L 224 Opioelecn-onic Materials. Devices- 
Packaging, and Interconnects II. (1988) pp. 92-100; and Grande, et al., in "One-Step 
Two-Level Etching Technique for Monolithic Integ. ated Optics". Applied Physics Letters. 

35 Vol. 51. No. 26, Dec. 28. 1987. pp. 2189-2191. 

It is advantageous and often necessary to have extremely thin polymer films incor- 
porated into the completed waveguide strucnire. One method of making such films is spin 
coating, in which a fluid polymer precursor resin material is dispensed onto a wafer, which 
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is spun at a rotational speed and for a duration selected to yield a desired film thickness. 
AnoAer method is plasma etching. For organic materials, an oxygen plasma applied under 
isotropic conditions is used to reduce evenly a thick polymer film to a desired thickness. 

Spin coating and oxygen plasma etching have been combined to planarize an 
5 uneven surface. A film of appropriate thickness is spin-coated onto a rough surface. Pro- 
viding the etch rates of the underlying layer and the spin-coated layer are equal, the 
isotropic oxygen plasma may then be used to uniformly reduce the overall film thickness, 
leaving behind a smoothly surfaced (planarized) film of the underlying material. In another 
case, when a thin spin coated film will not planarize an uneven surface, a ver\' thick film 

20 xoay be spin-coated onto the wafer and Aen reduced to the required thickness by using an 
isotropic oxygen plasma. 

Materials for forming the channel waveguide media must satisfy a number of 
requirements, such as: high optical transparency at the wavelengths of interest (especiaih 
550-1550 nm), rapid and complete cure, workable fluid phase precursor consistencies prior 

1 5 to placement and cure, and seleaable/controllable refractive indices. They must also adhere 
securely to substrates such as polyimide, gallium arsenide, indium phosphide, silicon 
nitride, and crystalline silicon. They must also show good interlayer adhesion. UV 
curable polymers have been used. 

Heretofore, the adhesion issue has been problematic. Not only is it difficult to 

20 adhere to the various substrates noted above, but interlayer adhesion between ultraviolet 
light curable layers is generally recognized as a major problem. Thus, a hitheno unsolved 
need has remained for fabrication methods, conditions and materials which manifest the 
requisite physical and optical properties while also manifesting greater interlayer adhesion 
and greater adhesion to difficult substrates. 

25 

Summary qf the Invention 

The present invention provides significant and unexpected improvements applicable 
to this technology, particularly in the formation of ver>' narrow, single optical mode 
30 waveguide structures and out-of-plane mirrors. 

This invention provides a method for forming an optical waveguide structure upon 
a substrate, comprising (a) forming a cladding layer of optical cladding material upon the 
substrate, (b) forming the optical waveguide structure by using an erodable mask and 
subsequent etch, thereby defining the location and volume of the optical waveguide 
35 structure relative to the cladding layer, and (c) placing optical waveguide material at the 
location and within the volume of the optical waveguide structure. 

In another more detailed aspect of the present invention directed toward the 
formation of a channel waveguide structure, the method comprises the steps of: (ai 
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providing a substrate, (b) forming a layer of base coat material upon the substrate, (c) 
forming a layer of cladding material having a predetermined refracrive index upon the base 
coat layer, (d) applying a channel waveguide pattern defining structure to the layer of 
cladding material, (e) applying a patterning agent to transfer the pattern of the channel 
5 waveguide pattern defining structure to a predetermined depth or depths into the cladding 
material layer to define a waveguide trench pattern, (f) removing any remaining residue of 
channel waveguide pattern defining structure, (g) forming a thick coat layer of waveguide 
material having a higher refractive index than the cladding material onto the cladding 
material and into the waveguide trench pattern, (h) planarizing the waveguide material 

10 substantially to the plane of a topmost surface of the cladding material in order to reduce the 
thickness of the Uiick coat layer, and (i) forming a layer of additional cladding material to 
encaosulate the waveguide material in the waveeuide trench oanem. 

As one aspect of this method, the step of applying a channel waveguide pattern 
defining structure to the layer of cladding material comprises the steps of coating an 

15 erodable photoresist material upon the cladding material and patterning the coated 
photoresist in order to define the channel waveguide pattern. As one more aspect of the 
present invention, the patterned photoresist material is eroded during the step of applying 
the patterning agent means. As yet another aspect of the present invention, the step of 
applying a patterning agent to transfer the pattern of the channel waveguide pattern defining 

20 structure to predetermined depth into the cladding material comprises the step of applying a 
plasma dry etch from an anisotropic source. As one more aspect of the present invention, 
the step of forming a thick coat layer of waveguide material onto the cladding material and 
into the waveguide trench pattern comprises the steps of coating an uncured acrylic 
waveguide material to form the thick coat layer and curing the thick coat layer by exposure 

25 to ultt-aviolet light energy. As still one more aspect of the present invention, the step of 
planarizing the waveguide material substantially to the plane of a topmost surface of the 
cladding material comprises the step of applying an isotropically sourced plasma dry etch to 
erode the waveguide material. 

As another aspect of the present invention, the steps of applying a channel 

30 waveguide pattern defining structure to the layer of cladding material, and applying a 
patterning agent to ffansfer the pattern of the channel waveguide pattern defining structure 
to a predetermined depth or depths into the cladding material layer to define a waveguide 
trench pattern, comprise the additional step of defining an oui-of-plane mirror location in 
the waveguide o-ench pattern, and ^^omprising the further step of forming an out-of-plane 

35 mirror at the said location. As a related aspect, the step of forming an out-of-plane mirror 
at the said location in the waveguide trench pattern comprises the steps of: (a) forming a 
reflective coating upon the patterned cladding material layer, (b) forming a mirror pattern 
defining structure at the said location to protect the reflective coating thereat, (c) removing 
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the reflective coating except at the said location, and (d) removing the mirror pattern 
defining structure at the said location tt) expose the reflective coating thereby providing the 
out-of-plane mirror. 

As another facet of the present invention an optoreflective structure (e.g. out-of- 
5 plane mirror) for changing direction of an optical signal following a path defined by an 
optical waveguide structure comprises a transverse gap across the waveguide structure so 
as to present to the optical path a forward surface and a rearward surface, an optoreflective 
surface material, such as a thin reflective film, for example, covering at least a substantial 
portion of the rearward surface for changing the direction of the optical signal, whereby a 
10 portion of the forward surface lying in the path transmits the optical signal without 
substantial redirection or scattering thereof. As another aspect of this facet of the invention, 
the optoreflective surface may be substantially planar or concave with respect to the optical 
path. 

These and other objects, advantages, aspects and feamres of the present invention 
1 5 will be more fully understood and appreciated by those skilled in the art upon consideration 
of the following detailed description of preferred embodiments, presented in conjunction 
with the accompanying drawings. 

3ri ef Pe?CTption of t he Drawing? 

20 

Rg. I shows a channel waveguide structure and out-of-plane mirror addressed to 
the optical path. 

Fig. 2A-C show a substrate or base coating material having a verv' uneven, highly 
irregular topography and a sequence of steps for its subsequent planarization. 
25 Rg. 3 illustrates the relationship between exposure gap and resultant wall slope. 

Figs. 4 through 17 illustrate steps for forming a channel waveguide structure. 

figs. 18 through 24 illustrate steps for forming an optoreflective structure. 

Fig. 25 and 26 depict dual level channel and invened rib channel waveguide 
structures, respectively. 

30 Fig. 27 shows in side elevation and section a dual layer channel waveguide 

structure. 

Fig. 28A shows in side elevation and section a dual layer channel waveguide 
stmcture including optically aligned concave out-of-plane mirrors for coupling the two 
layers together optically. Fig. 28B is an enlargement of a portion of Fig. 28 A. 
35 Fig. 29 depicts a dual level waveguide strucmre in which an optical signal is 

nansferred form one level to a second by out-of-plane mirrors. 

Fig- 30 shows a waveguide having a lens element for coUimating light reflected by 
an out-of-plane mirror. 
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Petailed pgscppdon pf Prefeire^ Embodiments 

Waveguide Structure 10 
5 Rg. 1 shows a waveguide structure 10, in which e.g. a single mode optical wave- 

guide may be formed either as a channel or as a mesa*plateau relative to adjacent cladding 
upon a suitable substrate 12. Substrate 12 may be an organic acrylic material, a fiber rein- 
forced resin of the type used in printed circuit boards, a ceramic or other substrate, such as 
polyimide, UV cured polymers, indium phosphide, gallium arsenide, quanz, or crystalline 

10 silicon. Substrate 12 may be intrinsically flat or planarized, e.g. as illustrated in Figs. 
2A-C discussed below. A patterned very thin metal film 14 is deposited (e.g. by spunering 
techniques) onto substrate 12. Film 14 is provided as a base reference for subsequent 
alignment of very precise patterning equipment used in the process of locating and fomiing 
final channel waveguide structure 10. 

15 A preferred coating method is spin coating. Other coating methods include brush- 

ing, spraying, etc. Thus, "coating" and "coated" are to be understood in an expansive 
sense, with spin-coating being preferred. A preferred method of curing organic precursor 
coatings is by exposure to ultraviolet light (UV). 

An optional base layer 16 of a suitable material such as polyimide is coated and 

20 cured. A very thin primer layer 18 may be coated onto planarized base layer 16 to promote 
interlayer adhesion with a first and relatively thick cladding layer 20 of suitable optical 
quality polymer which is spin coated onto primer layer 18 and cured. 

Employing an erodable mask in accordance with methods detailed hereinafter, 
waveguide 22 is coated onto cladding layer 20. Use of an erodable photolithographic mask 

25 to form the geometry of waveguide 22 relative to cladding layer 20 enables a remarkably 
smooth channel or mesa-plateau waveguide to be realized with a very small cross-sectional 
area, such as 7.5x7.5 )i. This small dimension for the cross-sectional area of waveguide 
22 enables realization of a single mode optical path with relatively low losses because of the 
smoothness of the defining trench formed in cladding layer 20 (or in a waveguide layer in 

30 the case of a mesa-plateau waveguide). A final top cladding layer 26 is coated onto the 
completed waveguide structure 10 to encapsulate it and protect it from the environment. 

An optoreflecrive structure, such as out-of-plane mirror 28, may be formed to 
address the optical path of waveguide layer 22. Out-of-plane mirror 28 is formed as a 
transverse Vee trench across waveguide layer 22 and extends somewhat into cladding layer 

35 20, again most preferably by employing an erodable photoresist mask technique. Two 
transverse end walls 30 and 32 are formed as part of the Vee trench, and mirror material is 
deposited onto only one of the endwalls, e.g. endwall 32. Out-of-plane mirror 28 includes 
a lower portion 36 and an upper portion 38 extending beyond the boundaries of waveguide 
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layer 22. This arrangement has been found to be very effective for increasing the efficienc\ 
of optical energy redirection, as the optical energy beam extends somewhat beyond the 
boundaries of waveguide layer 22. 

The terms "optoreflective" and "mirror" refer to any surface which, when impinged 
5 by light energy, results in specular reflection or redirection of some or all of the light ener- 
gy. Thus, "mirror'' includes a surface or surface boundary between two materials or media 
of differing refractive indices which causes the redirection or splitting of an impinging 
optical beam. A split beam is one which has been divided into two or more components. 
e.g., one of which is reflected and one of which is transmitted along the original light beam 
10 locus or direction. Thus, if cladding or other material of a suitably different refractive 
index than that of waveguide 22 were placed in the trench between endwalls 30 and 32. 
endwall 30 would manifest optoreflective properties, and optical beam energy would be 
directed downwardly toward substrate 12 from endwall 30. 

15 Thin Film Planarizarion fFig. 2A-C) 

Surface planarization techniques may be employed to produce channel waveguide 
structure 10 and thin film inverted rib waveguides (as discussed hereinafter) with markedly 
improved adhesion characteristics. Turning now to Fig. 2A, substrate 40 is depicted as 
having a very irregular upper surface 42. As shown in Fig. 2B, a suitable acr\'lic precursor 

20 material is then coated onto surface 42 to form a relatively thick layer 44 and then cured. 
e»g. by exposure to UV energy. An isoiropically sourced plasma dry etch is applied to 
reduce the thickness of layer 44 to a thin film layer 44' as shown in Fig. 2C in order to 
achieve a thin-film planarizarion of the irregular substrate 40. In addition to planarization. 
thin film layer 44' depicted in Fig. 2C manifests superior interlayer adhesion not only to the 

25 substrate 40. but also to subsequent layers formed thereon, such as a base layer, a cladding 
layer, or a waveguide layer. 

Materials and formulations especially suitable for use in this invention are described 
in Moyer et al., U.S. Pat. Appl'n No. 07/686,057 (filed Apr. 15, 1991;, the disclosure 
thereof being incorporated hereby by reference. 

30 

Erodable Photoresist Masks 

It has been discovered that an erodable mask significantly improves performance, 
quality and processing control over structure formations obtained with a nonerodable mask 
of the same dimensions. An erodable mask is one which is lost during the processing step 
35 or condition in which the waveguide trench is created. This is to be contrasted with a non- 
erodable mask, which remains substantially intact and unaffected by the same processing 
condition. An erodable mask offers the advantage that it forms a very smooth surface, as 
compared to that foimed by a non-erodable mask. These differences are readily discemabie 
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on SEM photomicrographs at lOOOX and 3500X magnification. The immediate benefit of 
this difference is realization of a waveguide structure which has substantially lower loss of 
transmitted oprical signal along the extent thereof 

There are a number of additional advantages resulting from the use of an erodable 
5 mask to fonn opdcal waveguide structures. A high degree of control over the wall slope in 
the waveguide is achievable. This control becomes very important during process steps for 
forming out-of-plane mirror 28. The slope of the optoreflective surface may be controlled 
through process conditions during formation of the trench and endwalls 30 and 32. As will 
be seen hereinafter, not only are practical and controllable out-of-plane mirror structures 

10 realized, it becomes possible to couple more efficiently optical signals between different 
layen of waveguides using aligned pairs of out-of-plane mirror structures. Reflective 
surfaces which are substantially planar or curved niay also be realized in a highly coricolled 
manner with the use of erodable photoresist masks and controllable exposure gaps as 
graphed in Fig. 3. Curved surface mirrors enable realization of beam spot focus, redirec- 

15 tion and control as die beam is moved from one plane into another. Coupled conjugate 
mirror pairs, such as shown in Fig. 28A-B (discussed in detail hereinbelow), are practical. 

The use of erodable photoresist mask techniques also eliminates many lengthy and 
capital-expensive process steps and results in a quicker, more efficient, and much more 
controllable manufacturing process with higher product yield. 

20 

Processing Step Sequence — Formation of a Channel Waveguide and Out-of-Plane MinQI 
The following is a discussion of the steps in the formation of a channel waveguide 
and out-of-plane mirror, such as shown in Fig. 1. Fig. 14-17 show the formation of the 
waveguide proper, while Fig. 18-24 show the formation of the out-of-plane mirror. The 
25 steps are shown in diagrammatic cross-section, with thicknesses greatly exaggerated for 
clarity and like numerals referring to like elements. 

1) Fig. 4 shows a thin opaque film 14' formed onto a substrate 12. Film 14' 
may be aluminum metal sputter-deposited onto substrate 12 to a thickness of 1000 A, for 
example. Film 14' will subsequently be patterned to form a base reference patterned film 

30 14 for mask alignment during subsequent fabrication steps. All subsequent layers and 
process steps may thereupon be registered to patterned film 14 and thereby be aligned. 

2) In Fig, 5, photoresist pattern 15 corresponding to to-be-formed patterned 
film 14 is defined by coating a thin photoresist layer onto film 14' and patterning the photo- 
resist layer with a photolithographic mask by conventional masking techniques. Addi- 

35 tionally, photoresist patterns 15' for defining alignment targets in film 14' may be formed. 

3) * In Fig. 6, photoresist panems 15 and 15' and exposed underiying film layer 
14* are wet etched. Metal unprotected by photoresist at 15 and 15' is removed chemically. 
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4) In Fig. 7, remaining photoresist pattern 15 is stripped off, leaving behind 
completed base reference pattern 14 and optical alignment targets 17 on substrate 12. 

5) In Fig. 8, polyimide base layer 16 is coated onto substrate 12 and patterned 
film 14 and alignment targets 17 to a desired thickness This step is optional. 

5 6) An ultra thin primer layer 18 of primer polymer precursor is coated onto 

base layer 16 and cured, preferably using UV light, as shown in Fig. 9. 

7) A thick layer of cladding precursor material is coated onto thin primer layer 
18 and then cured to form a cladding layer 20 of predetermined optical refractive index, as 
shown in Fig. 10. 

10 8) In Fig. 11, a thick photoresist layer 21 is coated onto cladding layer 20. 

Photoresist layer 21 is most preferably a material selected to form an erodable mask which 
will erode in a controlled fashion during a subsequent oxygen plasma dr>' etch of a 
waveguide trench into cladding layer 20. 

9) Photoresist layer 21 is dien patterned in a manner which selectively exposes 
1 5 underlying cladding layer 20 at the site of a waveguide strucmre to be formed, in prepara- 
tion of plasma etching a waveguide trench, as shown in Fig. 12. 

10) A reactive ion etch plasma, denoted by the downwardly pointing, parallel 
arrows in Rg. 13, is applied to patterned photoresist layer 21 and to exposed cladding layer 
20 and forms a waveguide trench 23 in cladding layer 20 while simultaneously eroding 

20 photoresist layer 2L Since photoresist layer 21 is eroded to a reduced thickness denoted 
by 2V in Fig. 13, resultant sidewalls of the trench 23 will be smooth and regular. 

11) All remaining photoresist material is then stripped off from cladding layer 
20 in preparation for application of waveguide material, as shown in Fig, 14. 

12) A tiiick layer 22' of channel waveguide acrylate precursor material having a 
25 desired refractive index above that of cladding layer 20 is then coated over cladding layer 

20, completely enveloping and filling waveguide trench 23, as shown in Fig. 15. The 
coated waveguide material is then cured, e.g. by exposure to UV light. 

13) In Fig. 16, thick layer 22' is reduced in thickness to match substantially the 
level of cladding layer 20 adjacent to trench 23, leaving a waveguide 22 occupying only 

30 trench 23, by an isotropic oxygen plasma etch. 

14) A thin cladding layer 26' is then provided either by coating a thicker layer 
and reactive ion etching, or by spin-coating, and cured to encapsulate waveguide layer 22 
and to provide additional surface above waveguide 30 for an out-of-plane mirror structure, 
as shown in Fig. 17. 

35 15) As shown in Fig. 18, another layer 27 of photoresist material is then coated, 

e.g. by spincoating, and patterned on top of cladding layer 26'. In this particular example, 
photoresist pattern 27 may be defined witii a predetermined wall slope (e.g. about 32-33^) 
in order to result in desired final wall slopes (e.g. 45°) through etched polymer waveguide 
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layer 22, in the formation of out-of-plane miiror 28. (The view in Fig. 18-24 is rotated 90= 
from that of the previous Fig. 4-17. While in Fig. 4-17 the trench is viewed end-on, in 
Fig. 18-24 the trench is viewed from the side. These views permit better visualization of 
the respective structures being formed.) 
5 16) A reactive ion etch oxygen plasma is used to etch through the exposed 

segment of cladding layer 26 and into the underlying segment of polymer waveguide layer 
22, as shown in Fig. 19, In this illustration, the etch ratio between photoresist layer 27 and 
acrylaie waveguide material 22 is most preferably about 1:1.6. This etch ratio has been 
found to yield a wall slope with a desired angle of 45^ for endwalls 30 and 32. It should be 
10 noted that following the etch step, photoresist layer 27' is considerably reduced in 
thickness, having been eroded during the etch process, and is now labelled as 27'. 

17) As shown in Fig. 20, any remnants of now-eroded photoresist layer 27' are 
removed chemically in preparation for an optoreflective mirror film deposition. 

18) Reflective film 33 of, e.g. thin metal, is sputtered onto the patterned upper 
1 5 surface of thin layer 26' and the Vee shaped transverse opening formed through waveguide 

layer 22 at the site of out-of-plane mirror 28, as shown in Fig. 21. 

19) A thick layer of positive photoresist 35 is then coated onto the structure and 
patterned to protect the location of the to-be-formed out-of-plane mirror, which will be 
defined along a selected wall (e.g. endwall 32) of the out-of-plane mirror trench, as shown 

20 in Fig. 22. The thickness of positive photoresist 35 may be within a range of between 5 
and 50 M-, and most preferably about 20 |a. 

20) The reflective film layer 33 is then etched away, leaving behind only that 
portion protected by the positive photoresist 35 which thereby defines the mirror 28 on the 
desired sloped surface 32, thereby leaving the opposite sloped surface 30 of the out-of- 

25 plane mirror trench free of all mirror material, as shown in Fig. 23, 

21) The patterned photoresist 35 is then chemically removed to expose finished 
mirror surface 34, as shown in Fig. 24. As can now be seen clearly in Fig. 24, mirror 28 
includes a lower segment 36 which extends somewhat below the level of the channel 
waveguide layer 22, and also includes an upper segment 38 which extends up to and over 

30 the top of the thin cladding layer 26; This arrangement improves optoreflective efficiency, 
as the opdcal beam is guided by, but not necessarily constrained within, the cross-section 
of the waveguide 22. 

22) A final layer 26 of cladding material is then spin-coated onto now-completed 
waveguide structure 10 in order to encapsulate it, including completed waveguide 22 and 

35 out-of-plane mirror 28, as illustrated in Fig. 1. It should be noted that although opposite 
sloped surface 32 of optical waveguide 22 's out-of-plane mirror trench has no mirror 
material remaining, since it has a slightly higher index of refracrion than that of the cladding 
material, it is possible to detect the presence of the opposite sloped surface in the completed 
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structure e.g., through optical diffraction techniques, should it be necessar>' or useful lo 
analyze or undCTStand the properties of a particular out-of-plane mirror structure. 

The processes followed in the fabrication sequence given hereinabove will now be 
discussed in greater detail. Many widely varying steps and techniques may be employed to 
5 realize the desired channel waveguide structures, with or without one or more out-of-plane 
mirrors, and are deemed to be within the contemplation and scope of the present invention. 
The optically clear fihn-fonning materials are most preferably UV light polymerizable 
acrylic based coatings and formulations as more specifically described in the above- 
referenced U.S. application of Moyer et al. Alternatively, the material may be spray coated 
1 0 onto the substrate. Thermally curing material may be substituted for the U V polymerizable 
material, if desired. The waveguide and out-of-plane mirror trenches may be formed 
witiiout photolithographic masking-etching techniques, as by use of a focused laser beam, 
electron beam, or charged particle beam. 

15 Metal Deposition 

The thin films of metal which are used in the chaiuiel waveguide fabrication method 
of the present invention are preferably vacuum deposited, utilizing conventional vacuum 
deposition equipment 

Those skilled in the art will appreciate that it is necessar>' to protect alignment 

20 targets 17 which may be provided with base reference pattern 14 (see Fig. 5-7;. Unless 
alignment targets 17 are protected, they will be covered by the subsequent opaque film 
deposition steps. To avoid covering alignment targets 17 during any metal or opaque film 
deposition, a small (2.5x2.5 mm) square of adhesive backed Kapton™ polyimide tape is 
applied to the wafer surface over each alignment target 17 before opaque film deposition. 

25 After the opaque film deposition step the polyimide tape is removed. Alignment targets 1 7 
are then clearly visible for the subsequent photoresist exposure step. However care i.s 
taken not to deposit opaque film or metal over alignment targets 17 during any of the 
subsequent metallization steps, thereby assuring their availability for subsequent process 
step alignments. If photoresist alone is used during the fabrication process, it is not 

30 necessary to provide protection to the alignment targets. 

Photolithography 

Photoresist processing is a fundamental pan of the channel waveguide fabrication 
process of the present invention. There are four disrincdy different photolithographic steps 
35 required in the fabrication of a single layer waveguide structure which contains an out-of- 
plane mirror. These steps include the base reference pattern, step 2; the guide trench 
pattern, step 8; the out-of-plane nurror base pattern, step 17; and, the out-of-plane mirror 
metal pattern, step 21. With a process which does not use a durable inon-erodabiej mask 
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for the guide trench, the photoresist is coated to a suitable thickness so that it is not 
completely eroded before the trench is etched to a desired depth. 

Base Reference Pattern 

5 There are two reasons for the base reference pattern. First, during processing a 

common reference point must be defined in order to perfonm all layer- to-layer registrations. 
Some of the structure formations which must be aligned to are transparent and cannot be 
seen on the mask aligner apparatus. Second, after the waveguide structure has been 
fabricated and has been diced from, the wafer, the end of each waveguide must be located in 
10 order to perform a gross alignment such as to an optical fiber. In order to perform in- 
process as well as post*fabrication alignments, it is necessary to define all the waveguide 
structures and a set of alignment targets as a base reference pattern. All of the structures 
which are fabricated on the wafer are aligned to the same set of alignment targets in the base 
reference pattern. 

1 5 The principal requirement for patterning the base reference layer is that photoresist 

features of nominal waveguide dimensions are able to be defined. This is accomplished 
with a thin layer of positive resist. Development of the photoresist pattern is performed 
conventionally in a temperature controlled recirculating bath. 

For example, the base reference pattern photoresist steps are carried out with the aid 

20 of a photoresist coater, a mask aligner, UV exposure, and a recirculating develop bath. 
Most preferably, standard photoresist processing techniques and equipment are used. 

Guide Trench Panem 

The purpose of the guide trench pattern (Fig. 12) is to create an etch mask for the 

25 underlying cladding material. Good critical dimensional control at the guide trench pattern 
is necessary in order to insure that single mode optical guiding occurs in the final channel 
waveguide structure. For a guide trench panem which uses photoresist as an erodable 
mask, the photoresist must be coated sufficiently thick so as not to be fully eroded before 
the required depth of the trench is reached. When so coated, the photoresist continues to 

30 function as a mask throughout the erosion process step. The target widths for the channel 
waveguide structures are typically 7.5+0.5 p.. 

Mirror Base Panem 

The mirror base pattern (Fig. 18) as formed in photoresist layer 27\ is used as an 
35 erodable plasma etch mask to create wall surfaces 30 and 32 (Fig. 19), one of which is 
chosen for out-of-plane mirror 28 across underiying cladding/waveguide acrylate layers 20, 
22 and 26*. 
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Two important aspects of this patterning step are: First, having a sufficiently thick 
photoresist layer 27 (Fig. 18) so as to be able to etch the mirror base region to a desired 
proper depth and not expose the protected portions of the wafer; and second, providing the 
photoresist features with a predetermined proper wail slope in order to produce the desired 
5 wall slope in the underlying acrylate layers 20, 22, and 26'. 

Standard coating techniques for thick resist films may be employed to provide the 
minor base pattern. The photoresist for the mirror base pattern is spin-coated to fomi a 
suitable thickness such as approximately 20 \i, although the thickness may lie in a range 
extending between S and SO fi. A photoresist of high solids content is dispensed onto the 

10 wafer rotating in a resist coater spinning at low rpm, such as 400 rpm. The photoresist is 
then spread by increasing the resist coater rotational speed to e.g. 1000 rpm for a suitabl> 
short time interval in order to achieve uniform spreading of the material. It is then spun to 
the desired thickness by rotating for an addidonal dme period and at a suitable speed. A 
soft bake procedure is then carried out conventionally to cure the photoresist layer. 

15 The resultant thickness places some very special demands upon the photoresist, 

including the selection of the resist material itself. Principally, while the photoresist layer 
must be able to be coated sufficiently diick in order to achieve the proper etch depth, it must 
also be able to be exposed fully during a single exposure operation. A double exposure 
strategy is to be avoided as likely to produce an unacceptable wall slope. We have 

20 discovered that a photoresist with the characteristic of high bleachability upon exposure to 
ultraviolet aiergy, such as Dynachem (formerly MacDermid) EL-2025-42 photoresist f 42^c 
solids with a range of coating thicknesses between 6 and 20 p.), is very well suited for thi.^^ 
particular step. 

Exposure is carried out at an intensity which is appropriate for the thickness of the 
25 photoresist film layer and at a mask gap which is also appropriate for the thickness of the 
layer and the desired wall slope. Photoresist EL-2025-42 has the characteristic of becom- 
ing very transparent (95% optical transmissivity) upon exposure to UV radiation in the 
range of 340-420 nra. As the thick photoresist layer is exposed, the upper exposed region 
of the resist bleaches to become more transmissive, thereby enabling a greater amount of 
30 the UV energy to penetrate deeper into the photoresist layer. This bleaching characteristic 
has been determined not to be as pronounced in other photoresists. Following the 
exposure step, the photoresist is conventionally developed by placement in the develop bath 
for a time interval appropriate to the photoresist thickness, etc. 

When the etch ratio between the photoresist and the acrylate is known, it is possible 
35 to create the desired wall slope in the underlying acrylate by starting with the proper wall 
slope in the photoresist. Adjustment of the exposure gap between the mask held in the 
mask aligner and the surface of the photoresist layer on the wafer is the mechanism by 
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which the wall slope in the photoresist is controlled. The relationship between the 
exposure gap and resultant wall slope of the photoresist is shown in the Fig. 3 graph. 

In order to produce an out-of-plane mirror in the acrylate layer with a slope of 45^ to 
the plane of the wafer, photoresist 27 should have wall slopes of about 32-33^, as shown in 
5 Fig. 18- In one example, the exposure gap for photoresist features with wall slopes of 32^ 
is 340 PL and a suitable exposure dose for the mirror base pattern is about 627 mJ/cm-. 
Control of the wall slope of photoresist 27 is critical to proper functioning of resultant out- 
of-plane mirror 28. The inventive process is currently capable of producing photoresist 
features having wall slopes between about 32 and 85^. These results have been achieved 
10 with a conventional mask aligner, such as the Karl Suss MA 150 mask aligner. Other avail- 
able mask aligners will work with results directly related to their tolerances and 
configorarions. 

Mirror Metal Panem 

15 Paneming of the photoresist on the sloped mirror base acrylate, step 19 and Fig. 

22, presents a unique photolithographic challenge. In most situations where step coverage 
by the photoresist is concerned it is topographies above the average surface of the wafer 
which must be patterned. In the case of the mirror metal pattern, however it is defining the 
mirror at the bottom of the mirror well which is most imponant. It is critically imponant 

20 that the mirror metal be patterned so as not to extend up and onto the opposite surface of the 
mirror well. This would result in blockage of the light in the waveguide. 

The minror well in this example is 14 ^ deep. Not only must the photoresist fill the 
mirror but it must planarize the surface of the wafer. Planarization is necessary to prevent 
unwanted flow patterns from occurring as the photoresist covers the pitted surface. These 

25 flow patterns result in uncontrolled masking and unwanted metal streaks across the wafer. 
In order to planarize the mirror well, the photoresist coating for this purpose must be at 
least 8 |Li thick. Again, photoresist EL-2025-42 is preferred. The entire photoresist 
thickness down into the mirror well may be patterned with a single exposure. 

30 Exam.ple: Mirror Metal Pauem 

The resist coat is applied using the same conditions as set forth above for the mirror 
base pattern. The exposure step is carried out with an appropriate intensity, e.g. 41.5 
mW/cm2 and with an appropriate energy level, e.g. 500 mJ/cm^. The exposure mode is 
preferably a soft contact with the wafer. A conventional pattern developing step is 

35 employed and may be the same process as used for the mirror base photoresist step above. 
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Wet Chemical Etch 

Appropriate conventional wet chemical etch processes take place in the formation of 
channel waveguide structures in accordance with the present invention. For example, if 
aluniinum is used for base reference patterned film 14, an aluminum etch is carried out. as 
5 illustrated in Rg, 6. In another example, gold is used for the optoreflecrive out-of-plane 
mirror 28, and a conventional gold etch process is carried out as shown in Fig. 23. 

Spin Coat and UV Cure 

Preferred embodiments of the present invention employ three types of acr\'lic 

10 materials, which are used to form ultra thin primer layer 18, cladding layers 20. 26' and 
26. and waveguide layer 22. Primer layer 18 is used to enhance the adhesion of the first 
layer of cladding material to the substrate. If desired, a primer layer may be applied before 
all coatings, with the exceptions that it is not applied prior to the application of waveguide 
layer 22 nor is it applied prior to the application of cladding layers 26 and 26". Especial 1> 

15 suitable acrylic materials are described in the above-referenced U.S. application of Mover ei 
al. A spin coating program for each of the acrylic materials is preferably developed which 
takes into account the viscosity and the target thickness desired for each material. All these 
materials generally receive the same UV curing treatment. A preferred curable composition 
(all percentages are by weight) for the cladding precursor material contains 30^5- Novacure 

20 3700, 20% Ebecryl 1830. 45% trimethylolpropane trimethacrylate, 59c hexane diol 
diacrylate, 1.8% Darocur 1173 and 0.2% benzophenone. A preferred curable composition 
for the light guide precursor material contains 45% Novacure 3700, 35^/ 
trimethylolpropane trimethacrylate, 20% hexanediol diacrylate, 1.8% Darocur 1173 and 
0.2% benzophenone. A preferred curable composition for use as the primer precursor 

25 contains 98% hexanediol diacrylate. 1.8% Darocur 1 173 and 0.2% benzophenone. 

Although the acrylic materials used to form preferred waveguide structure 10 
receive the same sequence of processing steps it is noteworthy that the material for acrylate 
waveguide 22 is applied much thicker than is needed in the final channel waveguide 22. 
The guide acrylate is applied sufficiently thick so as to not only fill the empty trenches 23 

30 which have been etched into cladding layer 20 but it must also planarize the uppermos: 
surfaces of cladding layer 20 above trenches 23. During the development of the channel 
waveguide structures of the present invention, a particular rotational speed for a given 
viscosity of materials was noted, above which the filled trenches would stan to empt> . 
This particular rotational speed is termed the "depletion point speed" for die material In the 

35 development of a spin coating process for a given guide acrylate a spin speed is determined 
which is well below the depletion point speed but which does not add excessive thickness 
to the coating. Additional thickness in the guide acrylate coating may be removed by 
additional processing time in the plasma etcher. 
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While a manual wafer handling system may be employed, a cassette to casseiie 
wafer processing system is preferred. The system preferably automatically dispenses the 
acrylate onto the wafer, cleans the backside of the wafer, and removes the edge bead 
otherwise formed by spin coating. These features increase throughput, improve quality as 
5 seen by reduced particle contamination, and result in greater wafer to wafer uniformii\'. 

The importance of the removal of the edge bead during spin coating cannot be 
underestimated. The subsequent photolithographic step to define the waveguide trench is 
performed in soft contact with the wafer and the mask aligner. When not removed, the 
edge bead has been measured as being in excess of 30 p.. Unless removed, this edge bead 
1 0 will interfere with the exposure gap between the wafer surface and the photomask, and 
result in a loss of critical dimension control at a point in the process when it is most 
imponani. 

A high intensity cassette-to-cassette UV curing system is preferred to earn' out the 
UV curing steps when using a UV curable system or materials. Thorough and uniform UV 
15 ' curing of the acrylic film layers is a fundamental requirement in the fabrication of channel 
waveguide structures in accordance with the present invention. 

Dry Etch 

Dry etch plasma processing is preferably carried out within a suitable parallel plate 

20 reactive ion etch (RIE) system, such as a Plasma Therm Model 3080. Anisotropic (direc- 
tional) etch conditions are used to create waveguide trenches 23 and the base of oui-of- 
plane mirror bases 28. Isotropic (non-directional) etch conditions are used to reduce and 
planarize films to a desired thickness, in Figs. 2C and 16, for example. Etch directionality 
may be achieved through control of power, pressure, and flow rate of oxygen during each 

25 etch process. The anisotropic etch typically runs at a relatively low pressure while starving 
the plasma for oxygen. The isotropic etch typically runs at higher pressure while providing 
an abundant supply of oxygen. In both etch processes oxygen is used as the preferred (and 
only) process gas within the reaction chamber. 

Maintenance of critical dimensions during the anisotropic etch for the waveguide 

30 trench is necessary in order to maintain single m.ode guiding in the final structure. Etch 
back is measured following the removal of the etch mask. Minimizing the surface 
roughness which occurs during both the trench etch, and during the mirror base etch, is an 
imponant process consideration. 

From photomicrographs comparing metal masking to photoresist masking, .surface 

35 roughness values of 1.25 |i of roughness in the upper non-erodable mask trench etch 
segment were determined to be present, compared to 0.25 \i of roughness in the much 
smoother and more even lower erodablc resist masked segment. TTte additional roughness 
seen in the metal mask etch is due to redeposition of metal in the area being etched, which 
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causes micromasking and the additional roughness. At present a graphite cover plate i> 
used to cover and thus eliminate the large aluminum surface of the cathode element within 
the reacdon chamber of die etcher. 

As already noted above, during the spin coating of the guide acr\'late, it is not 
5 possible to coat the material sufficiendy thin while simultaneously filling and planarizing 
the guide trenches. It therefore becomes necessary to spin coat a thicker layer of resin 
material, which fills and planarizes the trench topography, and then reduce the layer to the 
required thickness via the isotropic etch process. 

10 Multi-Laver Channel Waveguide Stmcture 

With reference to Fig. 25 a multi-level channel waveguide structure 100 includes a 
wafer 102, a base layer 103 (which may be optionally provided, e.g. for planarization k 
first, inner cladding layer 104, a thin film inter-layer 106, and a second, outer cladding 
layer 108. A first channel optical waveguide 1 10 is defined at first cladding layer 104. and 

15 a second channel optical waveguide 112 is defined at second cladding layer 108. With 
reference to Fig. 26 an inverted rib (mesa-plateau) waveguide structure 1 is shown as 
having elements which are the same as the elements of waveguide structure IQQ and which 
bear the same reference numerals. In forming the inverted rib waveguide 126, a thin film 
layer 128 of excess guide material is formed on inter-layer 106, and a similar thin film layer 

20 132 is formed over second cladding layer 108 incident to the formation of a rib waveguide 
130 at the second layer 

In Fig. 27, a light source, such as a single mode optical fiber 190, is coupled in 
plane with the edge of a channel waveguide layer 174, formed in accordance with the abo\'e 
described method upon a substrate 160 having a base layer 164 and cladding layers 166 

25 and 166*. Light energy (denoted by the arrows) leaving the light transmissive ponion of 
the fiber 190 enters the waveguide 174 and is conducted therealong until reaching an out- 
of-plane mirror structure 178, at which point the light energy is redirected in a 
perpendicular (upward) direction and out of the original plane of the waveguide 174. 

In Fig. 28A (like numerals to Fig. 27 referring to like elements), a concave out-of- 

30 plane mirror formation process employing an isotropic etch condition has been used to 
fabricate two coupled conjugate mirror structures 194 and 198 which are provided to 
couple light energy ft*om a waveguide 192 lying in a first plane to a second channel 
waveguide 196 lying in a second plane above the plane of first waveguide 192. 
Alternatively, where desired, a convex mirror can be similarly made. In this example. 

35 erodable masks have been used, and isotropic etch conditions have been provided in order 
to create controlled curved surfaces for the mirrors 194 and 198 (it being remembered thai 
flat mirror surfaces are created by anisotropic etch conditions, as explained hereinabove). 
An enlarged view of the resultant coupled conjugate mirror structure is depicted in Fic. 
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29B. Relative curvatures of the miirors 194 and 198 and the spacing between them will 
determine location of a common focal point therebetween. With conjugate curved mirrors, 
it is practical to enlarge or diminish the cross sectional area of the optical beam from the one 
path 192 to the other path 196, by controlling the location of the focal point, by coniroUing 
5 spacing and relative curvatures of the mirrors, for example. 

Fig. 29 is similar to Fig. 28A except that coupled mirrors 204 and 206 are planar 
strucnires which are positioned to couple or transfer light energy from waveguide 202 lying 
in a first plane to a waveguide 207 lying in a second plane. Substrate 200, base layer 20 K 
and cladding material 208 are as previously described in reference to the previous figures. 
1 0 The formation of two substantially parallel, adjacent waveguide trenches which are 

separated by a very thin wall (e.g. 1.25 micrometer) of cladding material and which 

by photomicrographs. This particular arrangement, formed in accordance with the methods 
of the present invention, yields an optical coupler which effectively couples energy from 

15 one of the waveguides into the other waveguide. Thus, from the foregoing discussion, it is 
apparent that optical waveguide structures which can be formed in accordance with the 
methods of the present invention, include but are not limited to, evanescent field couplers, 
optical vias (i.e. out-of-plane mirrors), Y-junction power dividers or splitters, wavelength 
division multiplexers, optical clock signal distributors and branching Michelson 

20 interferometers. 



Lens Element 

A lens element may be used to improve the input or output of light energy in the 
waveguides of this invention, especially the latter. Fig. 30 shows a waveguide 215 

25 comprising a base substrate 220 supponing a cladding medium 221, containing therein a 
higher refractive index waveguide medium 222. Input light (ray A) is reflected by out-of- 
plane mirror 223 in the direction of ray A'. Any light which would otherwise have been 
scattered (thereby diminishing the efficiency of the out-of-plane energy transfer) is collected 
and collimated by lens element 224 as rays B, to produce a better defined optical signal. 

30 Where a photodetector which requires precision alignment, is used to receive the output 
signal reflected off out-of-plane mirror 223, the advantages of such a lens element are self- 
evident. 

The lens element may be fabricated by a photolithographic process. A photoresist 
feature is precisely defined at the desired location relative to the out-of-plane mirror. The 
35 photoresist, which is typically an organic polymer, is heated above its melting temperature, 
such that its top surface flows into a convex lens shape, the footprint of the original resist 
feature remaining unchanged. The curvature of the top surface of the lens element may be 
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controlled by surface tension and the length, width, and thickness of the original photo- 
resist feature. 

Altemarively, the lens element may be produced in a subsequent RIE plasma 
etching step which reproduces the photoresist image in the underlying cladding layer. 
5 To those skilled in the art to which the present invention penains many widel\ 

differing embodiments will be suggested by the foregoing without departing from the spirit 
and scope of the present invendon. The descriptions and disclosures herein are intended 
solely for purposes of illustradon and should not be construed as limiung the scope of the 
present invention which is more pardculariy pointed out by the following claims. 
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What is claimed is: 

1 . A method for forming an optical waveguide structure upon a substrate, comprising 
the steps of: (a) forming a cladding layer of optical cladding material upon the substrate: (b) 

5 forming the optical waveguide structure by using an erodable mask and subsequent etch, 
thereby defining the location and volume of the optical waveguide structure relative to the 
cladding layer; and (c) placing optical waveguide material at the location and within the 
volume of the optical waveguide strucnire. 

2. A method according to claim 1, wherein the optical waveguide structure is formed 
10 by die (i) paneming tiie cladding layer with the erodable masking means, (ii) eroding to 

define the location and space of the waveguide structure, and (iii) forming optical wave- 
guide material in the space. 

3 . A method according to claim 1 or claim 2, further comprising the step of forming a 
top layer of cladding material over the optical waveguide structure. 

15 4. A method according to claim 1, further comprising the step of forming an 
optoreflecrive means upon a transverse diagonal surface of the optical waveguide structure 
by (i) forming a transverse diagonal surface across the optical waveguide structure by 
forming a transverse gap across the waveguide means so as to present a forward surface 
and a rearward surface across an optical path of the waveguide structure, and (ii) selectively 

20 forming the optoreflecrive means covering at least a substantial ponion of the rearward 
surface for changing the direction of the optical signal, whereby a ponion of the forward 
surface lying in the path transmits the optical signal without substantial redirection or 
scanering thereof. 

5 . A method according to claim 4, further comprising the step of forming a top layer 
25 of cladding material above the waveguide material prior to formation of the transverse gap. 

and wherein the step of forming the transverse gap is carried out such that the gap extend.s 
below the waveguide means to a predetermined depth, so that the gap extends across and 
through the top layer, the waveguide material, and into the cladding layer underlying the 
waveguide material to the predetermined depth, and wherein the step of selectively forming 
30 optoreflecrive means is carried out to cover substantially the entirety of the rearward surface 
so formed. 

6. A method according to claim 4 or 5, funher comprising the step of forming a lens 
structure for collimating an optical signal reflected by the optoreflective means. 

7. A mctiiod for forming a structural pattern upon a polymer base, comprising the 
35 steps of (a) applying and curing a sacrificial, erodable organic masking layer upon the 

polymer base, (b) forming a likeness of the structural pattern in the organic masking layer, 
and (c) transferring with die aid of a reactive ion etch means the likeness of the structural 
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pattern into the polymer base and at the same time eroding the erodable organic masking 
layer, thereby to form the structural pattern. 

8. An optical channel waveguide structure on a substrate, formed by: (aj forming a 
layer of cladding material having a predetermined refracrive index upon the substrate; (b) 
5 applying a channel waveguide pattern defining means to the layer of cladding material: (c i 
applying a patterning agent means to transfer the pattern of the channel waveguide pattern 
defining means to a predetermined depth into the cladding material layer to define a 
waveguide trench pattern; (d) removing any remaining residue of channel waveguide 
partem defining means; (e) forming a thick coat layer of waveguide material having a higher 

1 0 refiractive index than the cladding material onto the cladding material and into the waveguide 
trench pattern, planarizing the waveguide material substantially to the plane of a topmost 
surface of the cladding material in order to reduce the thickness of the thick coat layer: and 
(f) fomiing a layer of additional cladding material to encapsulate the waveguide material in 
the waveguide trench pattern. 

15 9 . An optical channel waveguide sooicture according to claim 8- made by the method 
including a further step of forming a layer of base coat material upon the substrate, and 
wherein the step of forming a layer of cladding material comprises forming the said layer 
upon the base coat material. 

10. An optical rib waveguide structure on a substrate, formed by a method comprising 
20 the steps of: (a) forming a layer of cladding material having a predetermined refractive 

index upon the substrate; (b) forming a layer of waveguide material having a higher 
refracrive index than the cladding material onto the cladding material: (c; applying a rib 
waveguide pattern defining means to the layer of waveguide material: (d) applying a 
patterning agent means to transfer the pattern of the rib waveguide pattern defining means 
25 to the layer of waveguide material layer to define the rib waveguide: fe) removing any 
remaining residue of rib waveguide pattern defining means; and (f) forming a layer of 
additional cladding material to encapsulate the waveguide material in the waveguide trench 
pattern. 

11. The optical rib waveguide structure set fonh in claim 10, made by the method 
30 including a further step of forming a layer of base coat material upon the substrate, and 

wherein the step of forming a layer of cladding material comprises forming the said layer 
upon the base coat material. 

12. An opioreflective structure for reflecting an optical signal following a path defined 
by an optical waveguide means, comprising (a) a transverse gap defined transverse!} 

35 across the waveguide means so as to present across the optical path a forward surface and a 
rearward surface and (b) optoreflecrive means covering at least a substantial ponion of the 
rearward surface for changing said direction of the optical signal, whereby a ponion of the 
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foTwaxd surface lying in the path transmits the optical signal without substantial redirection 
or scattering thereof. 

13. The structure set fonh in claim 12, wherein the waveguide means has been se- 
parated transversely between the forward surface and the rearward surface, and a ponion of 

5 the waveguide means including the forward surface has been removed from the structure. 

1 4. The structure set fonh in claim 12, wherein the gap is funher defined by a floor and 
a shelf adjacent to the rearward surface, and wherein the optoreflective means covers a 
portion of the floor and the shelf adjacent to the rearward surface. 

15. The structure set fonh in claim 12, funher comprising a lens for collimating the 
1 0 optical signal reflected by the optoreflective means. 
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